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1 .0  SUMMARY 

The Core Compressor E x i t  Stage Study Program has t h e  primary o b j e c t i v e  
of developing rear s t a g e  b l ade  designs t h a t  have improved e f f i c i e n c y  by 
v i r t u e  of having lower l o s s e s  i n  t h e i r  endwall boundary l a y e r  r eg ions .  
Blading concepts  t h a t  o f f e r  promise of reducing endwall  l o s s e s  w i l l  be  evalua- 
t e d  i n  t h e  m u l t i s t a g e  environment. This  r e p o r t  d e s c r i b e s  t h e  aerodynamic 
des ign  of t h e  b a s e l i n e  compressor test s t a g e  and t h e  design of a cand ida te  
r o t o r  and two cand ida te  s t a t o r s  t h a t  have t h e  p o t e n t i a l  of reducing endwall  
l o s s e s  r e l a t i v e  t o  t h e  b a s e l i n e  design.  These test s t a g e s  are t y p i c a l  of 
t h o s e  r e q u i r e d  i n  t h e  rear s t a g e s  of advanced, highly-loaded c o r e  compres- 
s o r s .  T e s t i n g  w i l l  be  conducted i n  t h e  General Electr ic  Low Speed Research 
Compressor which i n c o r p o r a t e s  fou r  i d e n t i c a l  s t a g e s  t o  ach ieve  a m u l t i s t a g e  
environment. 

The b a s e l i n e  S tage  A i s  a low-speed model of t h e  seventh s t a g e  of t h e  
10-stage,  2 3 : l  p r e s s u r e  r a t i o  AMAC s tudy  compressor whose p re l imina ry  des ign  
s tudy  w a s  conducted under NASA Contract NAS3-19444. The low speed modeling 
w a s  accomplished by modifying t h e  camber l i n e  of t he  low-speed a i r f o i l  sec- 
t i o n s  s o  t h a t  t h e  dimensionless  s u c t i o n  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  of t h e  
low speed s e c t i o n s  were similar t o  those  of Stage 7 of t h e  AMAC compressor. 
The Base l ine  Rotor A c o n s i s t s  of a i r f o i l  s e c t i o n s  having modified c i r c u l a r  
arc meanlines and c i r c u l a r  a r c  th i ckness  d i s t r i b u t i o n s .  The b a s e l i n e  S t a t o r  
A c o n s i s t s  of a i r f o i l  s e c t i o n s  having a 65-ser ies  t h i c k n e s s  d i s t r i b u t i o n  on 
modified c i r c l e  arc meanlines.  An I G V  w a s  designed which gave t h e  r equ i r ed  
p r e s w i r l  t o  t h e  f l u i d  e n t e r i n g  t h e  f i r s t  r o t o r  i n  o r d e r  t o  achieve a mul t i -  
s t a g e  environment i n  as few s t a g e s  as p r a c t i c a l .  Standard General E l e c t r i c  
IGV des ign  p r a c t i c e s  were employed. 

Rotor B ,  S t a t o r  B and S t a t o r  C are candidate  designs t h a t  have t h e  
p o t e n t i a l  of reducing endwall l o s s e s  r e l a t i v e  t o  t h e  b a s e l i n e  Stage A. Rotor 
B w a s  designed t o  t h e  same se t  of v e c t o r  diagrams as Rotor A,  bu t  u ses  a type  
of meanline i n  t h e  t i p  r eg ion  t h a t  unloads t h e  l e a d i n g  edge and loads  t h e  
t r a i l i n g  edge r e l a t i v e  t o  Rotor A .  Recent low-speed test  r e s u l t s  i n d i c a t e  
t h a t  ve ry  small r o t o r  wakes are  p r e s e n t  i n  t h e  t i p  region of r o t o r s  s imi la r  
i n  des ign  t o  Rotor A. This  r eg ion  should,  t h e r e f o r e ,  be a b l e  t o  t a k e  h i g h e r  
t r a i l i n g  edge load ing  without  undue r i s k  of s e p a r a t i o n .  The mod i f i ca t ion  t o  
t h e  t i p  r eg ion  w a s  blended i n t o  t h e  p i t c h l i n e  s o  t h a t  Rotor A and Rotor B 
w e r e  i d e n t i c a l  from t h e  p i t c h l i n e  t o  t h e  hub. 

S t a t o r  B embodies b l ade  s e c t i o n s  t w i s t e d  c losed  l o c a l l y  i n  t h e  endwall  
r eg ions  similar t o  t h o s e  used i n  a h igh ly  loaded NASA s i n g l e  s t a g e  t h a t  had 
r a t h e r  good performance f o r  i t s  loading l e v e l .  D i f f e r e n t  v e c t o r  diagrams 
were c a l c u l a t e d  t o  account f o r  t h e  high va lues  of s w i r l  a n g l e  n e a r  t h e  end- 
w a l l s .  The appearance of S t a t o r  B i s  q u i t e  d i f f e r e n t  from t h a t  of S t a t o r  A 
because of t h e  t w i s t  g r a d i e n t s  and because t h e  vane w a s  s t acked  a t  30 percen t  
chord from t h e  l e a d i n g  edge i n  o r d e r  t o  reduce t h e  l e a d i n g  edge lean ang le .  

S t a t o r  C embodies a i r f o i l  s e c t i o n s  n e a r  t h e  endwalls t h a t  have reduced 
t r a i l i n g  edge load ing  and inc reased  l e a d i n g  edge load ing  r e l a t i v e  t o  S t a t o r  
A .  The a i r f o i l s  were designed t o  t h e  same v e c t o r  diagram as S t a t o r  A .  



2.0 INTRODUCTION 

Recent preliminary design studies of advanced turbofan core compressors 
(Reference 1) have indicated that such compressors must have very high effi- 
ciencies, as well as the advantages of compactness, lightweight and low cost, 
in order for advanced overall enginelaircraft systems to have an improved 
economic payoff. Loss mechanism assessments, such as that of Reference 2, 
suggest that approximately half of the total l o s s  in a multistage compressor 
rear stage is associated with the endwall boundary layers. Since only a 
relatively small amount of past research has been dedicated to the problem of 
finding improved airfoil shapes for operation in multistage compressor end- 
wall boundary layers, it is believed that substantial improvements in that 
area are likely. Accordingly, a goal of a 15 percent reduction in rear stage 
endwall boundary layer losses, compared to current technology levels, has 
been set. The Core Compressor Exit Stage Study program is directed at 
achieving this goal. Blading concepts that offer promise of reducing endwall 
losses will be evaluated in a multistage environment. The design of this 
blading is described in this report. 

2 



3.0 LOW SPEED MODELING AND TESTING CONCEPT 

. 

The blading designed for the Core Compressor Exit Stage Study Program is 
basically a low-speed model of a rear stage of the high-speed AMAC compressor 
described in Reference 1. This low-speed model will be tested in the General 
Electric Low Speed Research Compressor. A cross-section of this facility is 
shown in Figure 1. In order to properly simulate loss mechanisms and estab- 
lish a true multistage environment, four identical stages will be employed. 
The third stage will be the test stage. 

The principal advantage offered by the low-speed testing approach is 
that the large size (1.5 m diameter) and low tip speed (60 m/sec) of this 
test rig enables very detailed data to be obtained without risk of instrumenta- 
tion blockage effects, which in turn enables precise identification of where 
and how aerodynamic losses originate. It is very difficult to determine 
these losses in a high-speed core compressor where rear stage blade heights 
may be quite small. In smaller, higher-speed compressors with closely spaced 
blades, the number of radial and circumferential samples of the flow is 
necessarily limited, and there is no possibility of obtaining blade surface 
pressure distributions or of visually observing the flow field with 
tuft probes, as can be done in a low-speed test rig. 

The low-speed testing approach is, of course, only appropriate if there 
is confidence that the results will not be misleading. Fundamental fluid 
dynamic principles and reasoning support the low-speed modeling approach as 
long as certain limitations are observed. Airfoil surface velocity distribu- 
tions must be similar in order for the high and low-speed bladings to have 
similar boundary layers and l o s s  regions. 
procedures have been successfully used for this purpose by General Electric 
in previous programs, and it has been found that the small differences in 
blade geometry needed to model the dimensionless suction surface velocity 
distribution of a high-speed blade with an equivalent low-speed airfoil can 
be conveniently defined using such an analysis technique. The low-speed 
modeling approach cannot simulate airfoils having shocks on their surface, 
but this is not an issue in core compressor rear stages. It is also necessary 
that the Reynolds number should be reasonably close to that of the high-speed 
blading so that the turbulent/laminar characteristics of the flow are modeled. 
Here, the large size of the Low Speed Research Compressor is helpful; with 
chord lengths of about 9 cm that result from use of a radius ratio of 0.85 
and an aspect ratio of 1.2, the blade chord Reynolds number is about 360,000. 
This is approximately half that existing in high-speed compressors operating 
at subsonic altitude cruise conditions and is close enough to provide a 
proper simulation. 

Compressible cascade analysis 

Some results previously obtained from the Low Speed Research Compressor 
are presented in References 3 and 4 .  These are believed to be in good agree- 
ment with high-speed results. 

3 



4.0 PRELIMINARY DESIGN OF NASAfGE AMAC COMPRESSOR 
AND LOW SPEED MODEL 

AMAC Compressor Design 

A p re l imina ry  des ign  s tudy  program, which i d e n t i f i e d  an advanced c o r e  
compressor f o r  u se  i n  new high-bypass r a t i o  turbofan  engines  t o  be  in t roduced  
i n t o  commercial service i n  t h e  1980 ' s ,  w a s  p rev ious ly  conducted and i s  
desc r ibed  i n  Reference 1. The s e l e c t e d  compressor des ign ,  c a l l e d  t h e  AMAC 
(Advanced Mul t i s t age  Axial-Flow Compressor) compressor,  w a s  a 10-stage 23 : l  
p r e s s u r e  r a t i o  compressor o f f e r i n g  t h e  b e s t  combination of t h e  fo l lowing  
advantages:  h igh  e f f i c i e n c y ,  low ope ra t ing  c o s t ,  low f u e l  usage,  and accept -  
a b l e  development r i s k .  A f lowpath of t h e  AMAC compressor i s  shown i n  F igure  
2 and i t s  des ign  parameters  are given i n  Table  1. 

Stage  7 of t h e  AMAC compressor w a s  chosen as a t y p i c a l  rear s t a g e  f o r  
low speed modeling. Design d a t a  f o r  S tage  7 are presented  i n  Table  2 and i n  
F igu res  3 through 8 t o g e t h e r  w i th  d a t a  f o r  S tage  A ,  i t s  low-speed model. A s  
seen  i n  F igure  3,  a r a d i a l l y  nonconstant  d i s t r i b u t i o n  of t o t a l  p r e s s u r e  a t  
t h e  r o t o r  e x i t  h a s  been employed. For graphica l  p re sen ta t ion ,  t he  average  
t o t a l  p r e s s u r e  a t  t h e  e x i t  p lane  i s  s u b t r a c t e d  from t h i s  va lue  and t h e  re- 
s u l t  i s  normalized by t h e  l o c a l  p i t c h l i n e  dynamic head a t  t h e  s t a g e  i n l e t .  
The s e l e c t e d  p r o f i l e  i s  l i n e a r  w i th  a somewhat higher-than-average va lue  n e a r  
t h e  hub and a somewhat lower-than-average va lue  n e a r  t h e  t i p .  The h i g h e r  hub 
t o t a l  p r e s s u r e  i n c r e a s e s  t h e  dynamic head e n t e r i n g  t h e  s t a t o r  vanes i n  t h i s  
r eg ion  and h e l p s  avoid  excess ive  loading .  The r a d i a l  d i s t r i b u t i o n s  of l o s s  
c o e f f i c i e n t  are shown i n  F igu re  4 .  These d i s t r i b u t i o n s  are c o n s i s t e n t  w i t h  
General  E lec t r ic  expe r i ence  f o r  advanced, h igh ly  loaded co re  compressors.  
The s t a t o r  e x i t  s w i r l  ang le s  shown i n  F igu re  5 w e r e  s p e c i f i e d ,  and t h e  s t a t o r  
i n l e t  ang le s  shown r e s u l t e d  from v e c t o r  diagram c a l c u l a t i o n s .  The r e s u l t i n g  
r o t o r  i n l e t  and ex i t  re la t ive  a i r  ang le s  are presented  i n  Figure 6 .  Since  
t h e  v a l u e  of t h e  r e l a t ive  a i r  ang le  is  s t r o n g l y  dependent upon b lade  speed,  
t h e  o r d i n a t e  o f  F igu re  6 i s  presented  as l o c a l  r a d i u s  d iv ided  by p i t c h l i n e  
r a d i u s  i n  o r d e r  t o  demonstrate  t h e  good agreement between Rotor 7 and Rotor  
A v e c t o r  diagrams i n  t h e  p i t c h l i n e  reg ion .  The r a d i a l  d i s t r i b u t i o n s  of  
normalized a x i a l  v e l o c i t y  a t  t h e  r o t o r  i n l e t  and e x i t  p l anes  are shown i n  
F igu re  7 .  F i n a l l y ,  t h e  r a d i a l  v a r i a t i o n s  i n  r o t o r  and s t a t o r  d i f f u s i o n  
f a c t o r s  are p resen ted  i n  F igu re  8. 

Analys is  of Low Speed Stage  A Vector Diagrams 

S tage  A w a s  designed t o  be  a low-speed model of  t h e  AMAC S tage  7.  I n  
o r d e r  t o  u t i l i z e  e x i s t i n g  hardware,  t h e  low speed conf igu ra t ion  w a s  designed 
t o  have a r a d i u s  r a t i o  of  0.85 r a t h e r  t han  t h e  0.89 va lue  of S tage  7 .  It i s  
be l i eved  t h a t  once t h e  r a d i u s  r a t i o  becomes h igh  enough t h a t  s i g n i f i c a n t  
r a d i a l  imbalances i n  load ing  are u n l i k e l y ,  t h e  r a d i u s  i t s e l f  ceases t o  b e  a 
s i g n i f i c a n t  dimensionless  v a r i a b l e .  The s i g n i f i c a n t  parameters  are then  
a s p e c t  r a t i o ,  s o l i d i t y ,  c l ea rance fb lade  h e i g h t ,  a x i a l  b l ade  row spac ingfchord  



and vector diagram quantities, such as the flow and pressure-rise coeffici- 
ents. Therefore, if these parameters are modeled in the 0.85 radius ratio 
rig, the data obtained in these tests may be applied directly to higher 
radius ratio stages without any adjustment for radius ratio per se. 

A vector diagram analysis for Stage A was conducted using rotor exit 
total pressure, loss coefficient, and stator exit swirl angle profiles that 
were essentially identical to those of AMAC Stage 7 (Figures 3 through 5). 
These profiles, along with the Low Speed Research Compressor annulus dimen- 
sions, an effective area coefficient of 0.95, rotative speed, and an airflow 
that closely matched the axiai velocity/blade speed ratio of Stage 7, were 
input into the CAFD computer. The results of the Stage A vector diagram 
analysis are compared to those for Stage 7 in Tables 2 and 3 and in Figures 3 
through 8 ,  all of which were referred to previously. The radial variation of 
normalized inlet total pressure, shown in Figure 3 ,  is nearly identical for 
the two cases. As can be seen in Figure 6 ,  the low-speed model requires 
approximately 1.9 degrees more rotor turning than the high-speed design in 
order to obtain comparable rotor diffusion factors (needed to obtain similar 
blade surface velocity distributions) in the incompressible case where the 
axial velocity ratio is 1.0. The high-speed compressor, on the other hand, 
gains part of its blade loading from a reduction in axial velocity, as is 
shown in Figure 7. Rotor and stator diffusion factors, compared in Figure 8 ,  
are modeled reasonably well. 
modeled quite well. A s  seen in Table 2 ,  blade solidity and aspect ratio can 
be closely modeled within the limitations imposed on numbers of blades and 
vanes and on axial stage length that arise through the use of existing hard- 
ware. The Stage A reaction is 0.628 and the Reynolds number is 360,000. 
This Reynolds number is substantially above the critical values that are 
sometimes encountered in compressor performance testing. 

All other vector diagram parameters can be 

The vector diagram information presented for Stage A was also used to 
design Rotor B and Stator C. The vector diagram analysis for Stator B is 
presented in the following section. 

Analysis of Low Speed Stator B Vector Diagrams 

Stator B embodies twist gradients in the blade endwall region similar to 
those used in a highly loaded single stage, described in Reference 6 ,  that 
had good performance for its loading level. The design goal for Stator B was 
to incorporate twist in the blade endwall region, while maintaining the same 
pressure rise, flow coefficient and average stator exit tangential momentum 
as in Stage A. This was accomplished by using an iterative CAFD analysis in 
which the radial distribution of Stator B exit swirl angle was varied until: 

*The Circumferential-Average Flow Determination (CAFD) computer program pro- 
vides a numerical solution of the radial-equilibrium equation, continuity 
equation, energy equation, and equation of state, including the effects of 
gradients of entropy and enthalpy. A derivation of the equations is given 
in Reference 5. 
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(1) t h e  d e s i r e d  t w i s t  w a s  incorpora ted  i n t o  t h e  endwall  r eg ion  of t h e  vane 
and, (2)  t h e  average s t a t o r  e x i t  t a n g e n t i a l  momentum of Stage B w a s  equa l  t o  
t h a t  of S tage  A. The CAFD a n a l y s i s  f o r  S t a t o r  B provided v e c t o r  diagram and 
load ing  informat ion  as shown i n  Table 4 and i n  F igures  9 through 1 2 .  The CAFD 
a n a l y s i s  w a s  conducted as if a new r o t o r  w e r e  being designed f o r  S t a t o r  B y  
s i n c e  i t  w a s  i n i t i a l l y  thought t h a t  a new r o t o r  might be needed t o  match t h e  
S t a t o r  B v e c t o r  diagrams. However, a comparison of t h e  re la t ive a i r  ang le s  i n  
F igure  10 i n d i c a t e s  t h a t  t h e  r o t o r  angles  r equ i r ed  wi th  S t a t o r  B are c l o s e  
enough t o  those  of t h e  Rotor A des ign  t h a t  new r o t o r  b lad ing  w a s  no t  j u s t i f i e d  
f o r  such s m a l l  and l o c a l i z e d  d i f f e r e n c e s  nea r  t h e  endwalls.  

Although S t a t o r  B i s  twi s t ed  closed about e i g h t  degrees  i n  t h e  endwall  
r eg ions ,  t h e  flow tu rn ing  i n  S t a t o r  B i s  n e a r l y  i d e n t i c a l  t o  t h a t  i n  S t a t o r  A 
a t  a l l  immersions. 
S t a t o r  A i n  t h e  endwall  r eg ion  and h ighe r  va lues  i n  t h e  p i t c h l i n e  reg ion  as 
seen  i n  F igure  11. This  same r a d i a l  r e d i s t r i b u t i o n  of t h e  flow l e a d s  t o  
h ighe r  p red ic t ed  va lues  of endwall  r o t o r  d i f f u s i o n  f a c t o r s  and lower p r e d i c t e d  
va lues  of p i t c h l i n e  r o t o r  d i f f u s i o n  f a c t o r s  as shown i n  Figure 1 2 .  S t a t o r  B 
d i f f u s i o n  f a c t o r s ,  a l s o  shown i n  F igure  1 2 ,  are  n e a r l y  t h e  same as those  f o r  
S t a t o r  A. 

S t a t o r  B e x h i b i t s  lower va lues  of a x i a l  v e l o c i t y  than  
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5.0 BLADE SETTING PROCEDURE 

The airfoil sections designed for the Core Compressor Exit Stage Study 
Program were specified to match the vector diagrams described in Section 4.0.  
The rotor airfoil sections consisted of modified circular arc meanlines with 
double-circular-arc-type thickness distributions. The stator airfoil sections 
consisted of modified circular-arc meanlines with 65-series thickness dis- 
tributions. The modifications to the circular-arc meanlines were necessary in 
order to model the high-speed blading, i.e., to achieve the same suction 
surface velocity distributions for the candidate rotor and stator designs. 

Incidence Angle 

The leading edge meanline angles for AMAC Stage 7 were determined by 
utilizing the General Electric Smooth-Flow Incidence Angle Correlation. The 
"smooth-flow" incidence angle is defined as the incidence angle in potential 
flow through a two-dimensional cascade for which the stagnation streamline 
attaches directly to the leading edge point of the airfoil. Selection of this 
angle avoids high velocities on the suction surface in the leading region. It 
represents the angle for which the losses should be near minimum. In this 
correlation the "smooth-flow'' incidence angle is related to the cascade 
geometry for airfoils with circular-arc meanlines. For the low-speed stages 
of this study, incidence angles were selected either t o  model the velocity 
distributions of Stage 7 or to achieve a defined departure from them, as will 
be explained in Sections 6 through 9. 

Deviation Angle 

The deviation angle was obtained by applying a potential flow cascade 
analysis (CASC) procedure to establish the required trailing edge metal 
angle, rather than the more conventional design method of using Carter's 
Rule. This was done primarily because Carter's Rule is usually applied to 
circular-arc meanlines and the meanlines used in this program differ from a 
circular-arc. A more accurate and general procedure was thus required. This 
procedure is described as follows. 

The Cascade Analysis by Streamline Curvature (CASC) computer program is 
General Electric's primary blade-to-blade analysis tool. The CASC program 
solves the momentum and continuity equations in intrinsic coordinates to 
obtain the flow properties at the orthogonal-streamline intersections. In 
order to use the CASC program, however, it is necessary to determine the 
potential flow cascade exit air angle, BCASC, that the blade must be designed 
to achieve. This angle is different from the CAFD exit air angle, BCAFD, 
described in Section 4.0. 
have been mixed out, after the effects of uncambering due to thick 

It is the angle obtained after viscous wakes 
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s u c t i o n  s u r f a c e  boundary l a y e r s  have been inco rpora t ed  and a f t e r  endwall 
e f f e c t s  have been included.  The d i f f e r e n c e  between t h e s e  two ang le s  i s  
expressed as X i n  equa t ion  (1). 

P 

x - e  p CAFD 

Th i s  d i f f e r e n c e ,  shown i n  F igu re  13  f o r  Stage A, w a s  determined from a 
d e t a i l e d  d a t a  ma tch /ana lys i s  using tes t  d a t a  from a previous Low Speed Re-  
s e a r c h  Compressor program which had blading somewhat s i m i l a r  t o  t h a t  of Stage 
A .  The r a d i a l  d i s t r i b u t i o n  of CASC p o t e n t i a l  flow e x i t  a i r  a n g l e s  w a s  d e t e r -  
mined from t h e  CAFD e x i t  a i r  a n g l e s  shown i n  F igu res  5 and 6 by us ing  equa- 
t i o n  (1) and t h e  r a d i a l  d i s t r i b u t i o n  of X shown i n  Figure 13. 

P 

An i n v i s c i d  secondary flow a n a l y s i s  w a s  conducted f o r  Stage A. The 
c a l c u l a t e d  cross-passage components y i e l d  an  ove r tu rn ing  (or  underturning)  of 
t h e  flow going through each b l ade  row relat ive t o  the  tu rn ing  given by o r d i -  
nary cascade c a l c u l a t i o n s  o r  cascade da ta .  Comparing t h e  r a d i a l  d i s t r i b u t i o n  
of Xp shown i n  F igu re  13  wi th  the  amount of ove r tu rn ing  (underturning)  pre- 
d i c t e d  f o r  S tage  A by t h e  secondary flow a n a l y s i s  i n d i c a t e s  t h a t  secondary 
f low c a l c u l a t i o n s  can e x p l a i n  most of t h e  Xp. Apparently,  a l a r g e  p a r t  of 
the e m p i r i c a l  X-factor can be handled t h e o r e t i c a l l y ,  and t h e  p o r t i o n  caused 
by v i s c o u s  e f f e c t s  may be r e l a t i v e l y  s m a l l  i n  many cases .  

The fo l lowing  i t e r a t i v e  technique w a s  then used t o  determine d e v i a t i o n  
angle:  (1) a t r i a l  a i r f o i l  t r a i l i n g  edge meanline a n g l e  w a s  chosen which 
e s t a b l i s h e d  a t r i a l  a i r f o i l  shape; ( 2 )  a CASC a n a l y s i s  w a s  conducted us ing  
t h e  t r i a l  a i r f o i l  geometry and the  p o t e n t i a l  f low cascade a i r  a n g l e  ob ta ined  
above; (3)  t h e  CASC s o l u t i o n  w a s  examined t o  determine whether t h e  Kutta 
c o n d i t i o n  w a s  s a t i s f i e d  a t  t h e  t r a i l i n g  edge; and ( 4 )  t h e  above t h r e e  s t e p s  
were repea ted  u n t i l  t h e  Kutta  cond i t ion  w a s  s a t i s f i e d .  This  CASC a n a l y s i s  
a l s o  y i e l d e d  a i r f o i l  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  which w e r e  used i n  t h e  
des ign  of t h e  a i r f o i l  shapes. 

Meanline Modi f i ca t ions  

Modi f i ca t ions  t o  a c i r c u l a r - a r c  meanline w e r e  necessary i n  o r d e r  t o  
model t h e  h igh  speed b l ad ing  and i n  o r d e r  t o  ach ieve  t h e  d e s i r e d  s u r f a c e  
v e l o c i t y  d i s t r i b u t i o n s  f o r  cand ida te  r o t o r  and s t a t o r  des igns .  
f i c a t i o n s  were accomplished by e i t h e r  overcambering o r  undercambering t h e  
a i r f o i l  i n  t h e  l e a d i n g  edge and/or  t r a i l i n g  edge region. 
n ique  used i s  desc r ibed  as  fol lows f o r  an  a i r f o i l  which is  t o  have over- 
cambering i n  t h e  l ead ing  edge r eg ion  re la t ive  t o  a c i r c u l a r - a r c  meanline. 
Values of i n p u t  l ead ing  and t r a i l i n g  edge meanline ang le s  are s p e c i f i e d  
t o g e t h e r  w i t h  t h e  amount of l ead ing  edge overcambering, ACAMLE, and t h e  blend 
p o i n t  a long t h e  chord where t h e  overcambered r eg ion  blends i n t o  t h e  c i r c u l a r  
arc r eg ion .  The s p e c i f i e d  amount of ACAM i s  s u b t r a c t e d  from the  i n p u t  v a l u e  
of l ead ing  edge meanline a n g l e  t o  o b t a i n  a new "reduced" v a l u e  of l ead ing  
edge meanline angle .  

These modi- 

The computer tech- 

A c i r c u l a r - a r c  d i s t r i b u t i o n  of meanline a n g l e  v e r s u s  
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p e r c e n t  chord i s  then  cons t ruc t ed  between t h e  "reduced" l e a d i n g  edge meanline 
a n g l e  and t h e  i n p u t  t r a i l i n g  edge meanline angle .  This  c i r c u l a r - a r c  d i s t r i -  
b u t i o n  i s  modified by blending a cubic  curve from t h e  s p e c i f i e d  blend p o i n t  
on t h e  c i r c u l a r - a r c  d i s t r i b u t i o n  t o  t h e  o r i g i n a l  i n p u t  v a l u e  of l e a d i n g  edge 
meanline ang le ,  r e s u l t i n g  i n  a meanline t h a t  has  more camber i n  t h e  l e a d i n g  
edge r e g i o n  than  a c i r c u l a r - a r c .  
changing t h e  s i g n  of ACAM. Modi f i ca t ions  of t h e  t r a i l i n g  edge r e g i o n  are 
t r e a t e d  i n  e s s e n t i a l l y  t h e  same manner. A wide v a r i e t y  of l oad ing  d i s t r i b u -  
t i o n s  can be achieved by varying t h e  amount of ACAM, t h e  blend p o i n t  and t h e  
l o c a t i o n  of maximum a i r f o i l  thickness .  

Undercamber is  accomplished by simply 

c 
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6.0 DESIGN OF STAGE 7/STAGE A 

S tage  7 of t h e  10-stage, 2 3 : l  p r e s s u r e  r a t i o  AMAC s tudy compressor w a s  
s e l e c t e d  as a t y p i c a l  rear s t a g e  of an  advanced h igh ly  loaded co re  compres- 
s o r .  Stage A, t h e  low speed b a s e l i n e  model of Stage 7, w a s  designed t o  have 
dimensionless  a i r f o i l  s u c t i o n  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  t h a t  w e r e  s i m i l a r  
t o  t hose  of S tage  7. The des ign  process  i s  desc r ibed  i n  t h i s  s e c t i o n .  

Design Of Rotor 7/Rotor A 

Rotor 7 a i r f o i l  s e c t i o n s  were designed t o  be double-circular-arc-type 
a i r f o i l s  s p e c i f i e d  t o  match t h e  AMAC v e c t o r  diagram ang les  shown i n  dashed 
l i n e s  i n  F igu re  6 .  
u t i l i z i n g  t h e  Smooth-Flow Incidence Angle C o r r e l a t i o n  mentioned i n  S e c t i o n  
5.0. The d e v i a t i o n  a n g l e s  w e r e  e s t a b l i s h e d  by us ing  t h e  CASC procedure 
desc r ibed  i n  S e c t i o n  5.0. 
t h i s  manner f o r  Rotor 7 are  shown i n  F igu re  1 4  t o g e t h e r  w i th  t h e  a n g l e s  f o r  
Rotor A which w i l l  be  d i scussed  below. The r a d i a l  v a r i a t i o n s  of Rotor 7 
re la t ive  a i r  a n g l e s  and l ead ing  and t r a i l i n g  edge metal ang le s ,  which are 
computed from t h e  inc idence  and d e v i a t i o n  ang le s ,  are  presented i n  F igu re  15. 
The chordwise v a r i a t i o n s  of meanline ang le  f o r  t h e  c i r c u l a r - a r c  meanline of 
Rotor 7 are shown i n  F i g u r e  1 6  f o r  t i p ,  p i t c h  and hub s e c t i o n s .  A ACAM of -8 
degrees  w a s  used i n  t h e  t r a i l i n g  edge r eg ion  of Rotor 7 i n  o rde r  t o  r e t a r d  
s e p a r a t i o n .  The need f o r  t h i s  ACAM w i l l  be d i scussed  i n  more d e t a i l  i n  t h e  
las t  paragraph of t h i s  s e c t i o n .  The a i r f o i l  geometry i s  l i s t e d  i n  Table 5. 
The CASC computer program w a s  used t o  compute t h e  b l ade  s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n s  f o r  Rotor 7 and t h e  r e s u l t s  are shown i n  Figure 17 f o r  t h e  
p i t c h l i n e  and hub s e c t i o n s .  

The l ead ing  edge meanline ang le s  w e r e  e s t a b l i s h e d  by 

The incidence and d e v i a t i o n  ang le s  ob ta ined  i n  

Rotor A a i r f o i l  s e c t i o n s  were designed t o  match t h e  v e c t o r  diagram 
a n g l e s  shown i n  s o l i d  l i n e s  i n  F igu re  6. The a i r f o i l s  have modif ied-circular-  
arc meanlines,  t h e  mod i f i ca t ions  being necessary t o  model t h e  dimensionless  
s u c t i o n  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n  of Rotor 7. The i terat ive des ign  
procedure w a s  e s s e n t i a l l y  t h e  same as used f o r  Rotor 7 ,  except  t h a t  l e a d i n g  
edge overcambering (ACAM) re la t ive  t o  a c i r cu la r - a rc - type  meanline w a s  
employed t o  a c h i e v e  t h e  modeling desc r ibed  above. P o s i t i v e  ACAM i n c r e a s e s  
t h e  l ead ing  edge metal a n g l e  which makes t h e  inc idence  a n g l e  more n e g a t i v e  
and a l s o  increases s u c t i o n  s u r f a c e  cu rva tu re .  The combination of t h e s e  two 
e f f e c t s  a l lows  s u c t i o n  s u r f a c e  v e l o c i t i e s  t o  be modeled over t h e  e n t i r e  
a c c e l e r a t i n g  region.  
6 .5  degrees  a t  a l l  r a d i i .  The b l ade  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n s  f o r  Rotor 
A were computed and t h e  p i t c h l i n e  r e s u l t s  are compared wi th  those  f o r  Rotor 7 
i n  F i g u r e  1 7  f o r  t h e  f i n a l  b l ade  shapes.  The two d i s t r i b u t i o n s  are g e n e r a l l y  
similar, i n d i c a t i n g  t h a t  a s a t i s f a c t o r y  low speed model has  been achieved. 

The amount of overcambering r e q u i r e d  f o r  Rotor A w a s  

I n  a r e c e n t  Low Speed Research Compressor test program, t h e  e x i s t e n c e  of 
s e p a r a t e d  f low on t h e  s u c t i o n  s u r f a c e  of a h igh ly  loaded c i r c u l a r - a r c  r o t o r  
hub s e c t i o n ,  somewhat similar i n  design t o  Rotor A, w a s  found experimental ly .  

I 10 



A subsequent m o d i f i c a t i o n  of t h i s  r o t o r  hub r eg ion  by decambering t h e  t r a i l -  
i n g  edge removed t h e  sepa ra t ed  flow reg ion  a t  t h e  des ign  p o i n t .  
t i o n  w a s  a l s o  b e l i e v e d  t o  be l i k e l y  f o r  t h e  hub r eg ion  of Rotor A i f  a c i r -  
c u l a r - a r c  s e c t i o n  were s p e c i f i e d ,  a similar decambering (ACAMTE = -8 degrees)  
w a s  employed i n  t h e  Rotor A hub region.  The e f f e c t  of decambering t h e  t r a i l -  
i n g  edge hub r e g i o n  i s  c l e a r l y  seen  i n  t h e  meanline shown i n  F igu re  16 and i n  
t h e  more l i n e a r  b l a d e  s u r f a c e  v e l o c i t y  d i s t r i b u t i o n  shown i n  F i g u r e  1 7 .  
comparison of t h e  des ign  parameters  f o r  Rotor 7 and Rotor A is l i s t e d  i n  
Table 5. 

Since separa-  

A 

Design Of S t a t o r  7 / S t a t o r  A 

S t a t o r  7 a i r f o i l  s e c t i o n s  w e r e  designed by using a 65-ser ies  t h i c k n e s s  
d i s t r i b u t i o n  on a c i r c u l a r  a r c  meanline s p e c i f i e d  t o  match t h e  AMAC v e c t o r  
diagram ang les  shown i n  dashed l i n e s  i n  F igu re  5. The i t e r a t ive  des ign  
procedure f o r  S t a t o r  7 w a s  s i m i l a r  t o  t h a t  desc r ibed  f o r  Rotor 7 i n  
Sec t ion  5 except  t h a t  a 65-ser ies  t h i ckness  d i s t r i b u t i o n  w a s  used i n s t e a d  of 
a double-circular-arc-type d i s t r i b u t i o n .  The inc idence  and d e v i a t i o n  ang le s  
ob ta ined  f o r  S t a t o r  7 are  shown i n  F i g u r e  18. A s  b e f o r e ,  t h e  r e s u l t s  f o r  
S t a t o r  A are a l s o  shown i n  t h i s  same f i g u r e  f o r  comparative purposes and w i l l  
be  d i scussed  later.  The r a d i a l  v a r i a t i o r .  of a b s o l u t e  a i r  ang le s  and l ead ing  
and t r a i l i n g  edge m e t a l  ang le s  i s  shown i n  F igu re  19. The a i r f o i l  geometry 
i s  l i s t e d  i n  Table  6 and t h e  chordwise v a r i a t i o n s  of meanline ang le  are  shown 
i n  F igu re  20. The CASC computer program w a s  used t o  compute t h e  vane s u r f a c e  
v e l o c i t y  d i s t r i b u t i o n s  f o r  S t a t o r  7 and t h e  r e s u l t s  are shown i n  F igu re  2 1  
f o r  t h e  p i t c h l i n e  s e c t i o n .  The low speed Stage A s t a t o r  w a s  designed t o  have 
a similar d i s t r i b u t i o n .  

S t a t o r  A a i r f o i l  s e c t i o n s  were designed t o  match t h e  v e c t o r  diagram 
a n g l e s  shown i n  s o l i d  l i n e s  i n  F igu re  5.  These a i r f o i l s  have a 65-ser ies  
t h i c k n e s s  d i s t r i b u t i o n  on a modified c i r c u l a r - a r c  meanline,  t h e  l ead ing  edge 
m o d i f i c a t i o n  being necessary t o  model t h e  dimensionless s u c t i o n  s u r f a c e  
v e l o c i t y  d i s t r i b u t i o n  of S t a t o r  7. 
same as  used f o r  S t a t o r  7. S t a t o r  A r equ i r ed  3.5 degrees  of l ead ing  edge 
overcambering (ACAMLE) re la t ive  t o  a c i r cu la r - a rc - type  meanline i n  o r d e r  t o  
model t h e  v e l o c i t y  d i s t r i b u t i o n  shown i n  F igu re  2 1  f o r  S t a t o r  7. Incidence 
and d e v i a t i o n  a n g l e s  ob ta ined  f o r  S t a t o r  A are shown i n  F igu re  18 and t h e  
r a d i a l  v a r i a t i o n s  of a i r  ang le s  and metal  ang le s  are shown i n  F igu re  19. A 
comparison of t h e  chordwise v a r i a t i o n s  i n  meanline a n g l e  f o r  S t a t o r  A and 
S t a t o r  7 i n  F i g u r e  20 shows t h e  amount of overcambering used i n  t h e  l ead ing  
edge r eg ion .  The S t a t o r  A a i r f o i l  geometry i s  l i s t e d  i n  Table 6. 

The i t e ra t ive  des ign  procedure w a s  t h e  

The CASC computer program w a s  used t o  compute t h e  vane s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n s  f o r  S t a t o r  A. The comparison of S t a t o r  A and S t a t o r  7 p i t ch -  
l i n e  v e l o c i t y  d i s t r i b u t i o n s  i s  shown i n  F igu re  21 f o r  t h e  f i n a l  vane shapes.  
The two d i s t r i b u t i o n s  are q u i t e  similar i n d i c a t i n g  t h a t  a s a t i s f a c t o r y  low 
speed model has  been achieved. 
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Design Of The IGV 

In order to achieve a repeating stage environment as rapidly as possi- 
ble, inlet guide vanes are being used to provide the first rotor with the 
same inlet swirl distribution as shown in Figure 5 for the Stage A stator 
exit air angle. The IGV was designed following the guidelines of Dunavant 
(Reference 5). 
approximately 1.0 and the pitchline chord was computed. This chord was held 
constant and values of solidity across the span were computed. Then values 
of lift coefficient, C L ~ ,  and angle-of-attack (stagger) were determined from 
the curves of Dunavant. These values of lift coefficient and angle-of-attack 
are shown in Figure 22. 

The pitchline solidity of the 53 IGV's was chosen to be 



7.0 DESIGN OF ROTOR B 

Design Concept 

Recent low-speed test r e s u l t s  from a r o t o r  design somewhat similar t o  
Rotor A i n d i c a t e  t h a t  very s m a l l  r o t o r  wakes are p r e s e n t  i n  t h e  t i p  r e g i o n  
and t h e  l a r g e  t i p  loss core  i s  l o c a t e d  between wakes. The r o t o r  t r a i l i n g  
edge r eg ion  should,  t h e r e f o r e ,  b e  a b l e  t o  t a k e  h i g h e r  d i f f u s i o n  rates. 
Consequently, t h e  Rotor B des ign  concept w a s  t o  modify t h e  meanline shape i n  
t h e  cas ing  endwall  r eg ion  t o  unload t h e  l ead ing  edge and load  t h e  t r a i l i n g  
edge r e g i o n  re la t ive t o  Rotor A. This  could reduce t i p  c l e a r a n c e  leakage by 
reducing t h e  maximum p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  r o t o r  w i thou t  undue r i s k  
of flow s e p a r a t i o n .  Also, an  added e f f i c i e n c y  improvement might be expected 
a t  h ighe r  Mach numbers due t o  t h e  r educ t ion  i n  peak v e l o c i t y .  

A i r f o i l  S e c t i o n  ShaDes 

Rotor B w a s  designed t o  t h e  same i n l e t  and e x i t  a i r  a n g l e s  as Rotor A 
u s i n g  t h e  same design procedures  as descr ibed i n  Sec t ion  6 . 0 .  However, f o r  
Rotor B, 2.0 degrees  of ACAM were s p e c i f i e d  i n  t h e  l ead ing  edge t i p  r eg ion  
(Rotor A had 6.5  degrees)  and 6.0 degrees  of ACAM were s p e c i f i e d  i n  t h e  
t r a i l i n g  edge t i p  r eg ion  (Rotor A had 0.0 degrees ) .  I n  a d d i t i o n ,  t h e  maximum 
t h i c k n e s s  w a s  moved from 50 percen t  chord t o  60 percen t  chord, which a l s o  
gave i n c r e a s e d  load ing  i n  t h e  t r a i l i n g  edge r eg ion  of Rotor B. This  d i f f e r -  
ence between Rotor B and Rotor A i n  t h e  t i p  r eg ion  w a s  g r a d u a l l y  reduced i n  
t h e  r a d i a l  d i r e c t i o n  s o  t h a t  Rotor B w a s  i d e n t i c a l  t o  Rotor A from t h e  
p i t c h l i n e  t o  t h e  hub region.  The r e s u l t i n g  inc idence  and d e v i a t i o n  ang le s  
f o r  Rotor B are compared t o  those  f o r  Rotor A i n  F igu re  23 .  The r a d i a l  
v a r i a t i o n  of l e a d i n g  edge and t r a i l i n g  edge metal a n g l e  i s  shown i n  F igu re  
2 4 ,  and comparisons of t h e  chordwise v a r i a t i o n  of meanline a n g l e  f o r  t h e  t i p  
s e c t i o n s  of Rotor B and Rotor A are shown i n  Figure 25. 
overcambering i n  t h e  l ead ing  edge r eg ion ,  t h e  6.0 degrees  overcambering i n  
t h e  t r a i l i n g  edge r eg ion  and t h e  meanline blend p o i n t s ,  which s p e c i f y  where 
t h e  overcambering b l ends  i n t o  t h e  c i r c l e  arc d i s t r i b u t i o n ,  are e v i d e n t  i n  
F igu re  25. 

The 4.5 degrees  less 

The a i r f o i l  geometry f o r  Rotor B i s  l i s t e d  i n  Table 7. 

The CASC computer program w a s  used t o  compute t h e  b l ade  s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n s  f o r  Rotor B. The comparison of t h e  Rotor B and Rotor A d i s -  
t r i b u t i o n s  i s  shown i n  F igu re  26 f o r  t h e  f i n a l  b l ade  shapes.  The reduced 
peak s u c t i o n  s u r f a c e  v e l o c i t y  and t h e  inc reased  t r a i l i n g  edge load ing  f o r  
Rotor B are ev iden t  i n  t h e  comparison. 
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8.0 DESIGN OF STATOR B 

Design Concept 

Evaluat ion of e x i s t i n g  test  d a t a  from NASA Contract  NAS3-11158 (Reference 
6)  i n d i c a t e s  t h a t  r a t h e r  good performance w a s  achieved from a h igh ly  loaded 
s i n g l e  s t a g e  which employed t w i s t  g r a d i e n t s  i n  i t s  endwall regions.  
appa ren t  success  of Stage D of Contract  NAS3-11158 suggested t h a t  t h i s  
approach should b e  t r i e d  i n  t h e  m u l t i s t a g e  environment. Consequently, t h e  
S t a t o r  B vanes were t w i s t e d  c losed  l o c a l l y  nea r  t h e  endwalls.  

The 

A i r f o i l  Sec t ion  Shapes 

S t a t o r  B w a s  designed t o  t h e  i n l e t  and e x i t  a b s o l u t e  a i r  ang le s  shown 
i n  s o l i d  l i n e s  i n  F i g u r e  9 by using t h e  same des ign  procedures  as desc r ibed  
i n  S e c t i o n  6.0. This  d e s i g n  procedure w a s  an  i t e ra t ive  technique i n  which 
t h e  t r a i l i n g  edge metal ang le s  were obtained as a r e s u l t  of s a t i s f y i n g  t h e  
Ku t t a  c o n d i t i o n  i n  a CASC a n a l y s i s .  An i n v i s c i d  secondary flow a n a l y s i s  was 
conducted f o r  S t a t o r  B and compared wi th  t h a t  f o r  S t a t o r  A. Maximum d i f f e r -  
ences  w e r e  about 1 .5  degrees .  S l i g h t  adjustments  w e r e  made i n  Xp t o  account 
f o r  t h o s e  d i f f e r e n c e s .  

S t a t o r  B w a s  c o n s t r u c t e d  by using a 65-ser ies  t h i ckness  d i s t r i b u t i o n  on 
a modified c i r c u l a r - a r c  meanline. 
determined i n  t h e  same manner as descr ibed i n  S e c t i o n  6.0 and t h e  r e s u l t s  
are compared w i t h  those  f o r  S t a t o r  A i n  F igu re  27.  The amount of l ead ing  
edge overcambering r e q u i r e d  and t h e  a i r f o i l  geometry are p resen ted  i n  Table  
8. The r a d i a l  v a r i a t i o n s  of a b s o l u t e  a i r  ang le s  and l e a d i n g  and t r a i l i n g  
edge metal a n g l e s  f o r  S t a t o r  B are shown i n  F igu re  28. 
t h e  meanlines f o r  S t a t o r s  A and B i n  F igu res  29 and 30 show t h a t  t h e  meanline 
shapes are n e a r l y  t h e  same although t h e  curves are  d i s p l a c e d  from each o t h e r  
due t o  t h e  t w i s t  g r a d i e n t s  i n  t h e  endwall r eg ions  of S t a t o r  B. 

Incidence and d e v i a t i o n  ang le s  were 

The comparisons of 

The t y p e  of t w i s t  employed i n  S t a t o r  B l e a d s  t o  a c u t e  ang le s  where t h e  
s u c t i o n  s u r f a c e  i n t e r s e c t s  t h e  endwalls i n  t h e  l ead ing  edge r eg ion  and 
o b t u s e  a n g l e s  near t h e  t r a i l i n g  edge. I n  o r d e r  t o  reduce t h e  acute a n g l e s ,  
which are judged t o  cause i n c r e a s e  co rne r  boundary l a y e r  growth, t h e  a i r f o i l  
s e c t i o n s  were s t acked  a t  30 pe rcen t  chord r a t h e r  than a t  t h e  u s u a l  50 p e r c e n t  
chord l o c a t i o n .  The change i n  t h e  s t a c k i n g  a x i s  l o c a t i o n  and t h e  endwall 
t w i s t  o f  S t a t o r  B have produced a vane shape t h a t  i s  cons ide rab ly  d i f f e r e n t  
i n  appearance from S t a t o r  A. 

The CASC computer program w a s  used t o  compute t h e  vane s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n  f o r  S t a t o r  B. 
d i s t r i b u t i o n s  i s  shown i n  F i g u r e s  31 and 32. The shapes of t h e  v e l o c i t y  
d i s t r i b u t i o n s  are v i r t u a l l y  i d e n t i c a l ,  w i t h  t h e  only d i f f e r e n c e  being i n  
v e l o c i t y  level. 

The comparison of t h e  S t a t o r  B and S t a t o r  A 
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9 . 0  DESIGN OF STATOR C 

Design Concept 

S t a t o r  C embodies a i r f o i l  s e c t i o n s  nea r  t h e  endwalls t h a t  are s imilar  
t o  t h e  Rotor A hub s e c t i o n  i n  having reduced t r a i l i n g  edge loading.  It is 
be l i eved  t h a t  t h i s  t ype  of a i r f o i l  s e c t i o n  may reduce flow s e p a r a t i o n  a t  the  
j u n c t u r e s  of t h e  s u c t i o n  s u r f a c e  and t h e  endwalls.  

A i r f o i l  S e c t i o n  Shapes 

S t a t o r  C w a s  designed t o  t h e  i n l e t  and ex i t  a i r  ang le s  s p e c i f i e d  i n  
F i g u r e  5 f o r  S t a t o r  A by us ing  t h e  same design procedure desc r ibed  i n  
S e c t i o n  6.0. Modified c i r c u l a r - a r c  meanlines were used w i t h  65-ser ies  
t h i c k n e s s  d i s t r i b u t i o n s  t o  c o n s t r u c t  t h e  a i r f o i l s .  I n  o r d e r  t o  unload t h e  
t r a i l i n g  edge r e g i o n  and load t h e  l ead ing  edge r eg ion  of S t a t o r  C r e l a t i v e  
t o  S t a t o r  A, a d d i t i o n a l  overcambering of t he  meanline w a s  s p e c i f i e d  i n  t h e  
l e a d i n g  edge r eg ion ,  and decambering was s p e c i f i e d  i n  t h e  t r a i l i n g  edge 
r eg ion .  Inc idence  and d e v i a t i o n  ang le s  w e r e  determined i n  t h e  same way as 
desc r ibed  i n  S e c t i o n  6.0 and t h e  r e s u l t s  are shown i n  F i g u r e  3 3 .  The r a d i a l  
v a r i a t i o n s  of a i r  a n g l e s  and metal ang le s  are shown i n  F i g u r e  34 f o r  S t a t o r  
C. The amount of overcambering s p e c i f i e d  i n  t h e  l e a d i n g  edge r eg ion  and t h e  
amount of decambering s p e c i f i e d  i n  t h e  t r a i l i n g  edge r eg ion  are p resen ted  i n  
F i g u r e s  29 and 3 0 .  A i r f o i l  geometry is  l i s t e d  i n  Table 9. 

The CASC computer program w a s  used t o  compute t h e  vane s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n  f o r  S t a t o r  C. 
d i s t r i b u t i o n s  i s  shown i n  F igu res  31  and 32. 
c a l c u l a t e d  peak s u c t i o n  s u r f a c e  v e l o c i t y  of S t a t o r  C has  been inc reased ,  t he  
load ing  i n  t h e  l e a d i n g  edge r eg ion  has been inc reased  and t h e  loading i n  t h e  
t r a i l i n g  edge r e g i o n  h a s  been decreased.  
C i s  t h e  same as t h a t  of S t a t o r  A. 

The comparison of t h e  S t a t o r  C and S t a t o r  A 
R e l a t i v e  t o  S t a t o r  A, t h e  

The o v e r a l l  c i r c u l a t i o n  of S t a t o r  
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Table 1. Design Parameters for AMAC Compressor. 

Tota l  Pressure Ratio 

Number of Stages 

Corrected I n l e t  Tip Speed, m/sec 
(fPS) 

( fps)  

( fps)  

Physical  I n l e t  Tip Speed, m/sec 

Physical Rear Hub Speed, m/sec 

Physical Speed, rpm 

I n l e t  Radius Ratio 

I n l e t  Spec i f ic  Flow, kglsec-mz 
( lb/sec-f tz)  

I n l e t  Corrected Flow, (lbm/sec) 

I n l e t  Tip Diameter, m 
(in. 1 

Exit  Radius Ratio 

Exi t  Mach Number 

Exi t  Tip Diameter, m 
( in .  1 

Length t o  OGV Exit ,  m 
( in .  1 

Length t o  Diffuser  Exit ,  m 
( in.)  

Number of A i r f o i l s  

Average Aspect Ratio 

Average So l id i ty  

Average Swirl ,  Degree 

Average Reaction 

S t a l l  Margin, % 

Adiabatic Efficiency a t  OGV Exit 

Adiabatic Eff ic iency a t  Diffuser Exi t  

Compressor Weight, kg 
Ob)  

23 

10 

469 
(1540) 

485 
(1590) 

370 
(1214) 

13,900 

0.496 

178 
(36.5) 

103.3 

0.6660 
(26.22) 

0.930 

0.26 

0.5456 
(21.48) 

0.6614 
(26.04) 

0.6900 
(27.16) 

1959 

1.72 

1.40 

20.4 

0.695 

18 

0.860 

0.853 

269 
(592) 
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Table 2. Design Parameters f o r  AMAC Stage 7 and the 
Low Speed Stage A. 

Design Parameter 

Flow Coefficient 

Pressure-Rise Coefficient 

Reaction Ratio 
Rotor Inlet Hub:Tip Radius Ratio 

Tip Diameter 
cm (in.) 

Rotor Tip Clearance/Blade Height, % 

Average Reynolds Number Based on U T i p  
Rotor Pitch Inlet Rel. Air Angle, deg 
Rotor Pitch Exit Rel. Air Angle, deg 
Rotor Pitch Inlet Mach Number 

Rotor Axial Velocity Ratio 

Rotor Pitch Diffusion Factor 

Rotor Aspect Ratio 

Rotor Pitch Solidity 

AMAC Stage 7 

0.442 
0.633 

0.682 

0.893 

56.64 
(22.3) 
1.28 

740,000 
59.7 
45.6 

0.74 

0.93 

Stage A 
Low Speed 
Mode 1 

0.442t 

0.647 

0.628 

0.850 

152.4 
(60.0) 
1.35 

360 , 000 
60.1 
44.1 
0.146 

1.00 

0.481 0.470 

1.28 1.20 

1.25 1.16 

Stator Pitch Inlet Abs. Air Angle, deg 49.7 50.5 

Stator Pitch Exit Abs. Air Angle, deg. 21.0 21.0 

Stator Pitch Inlet Mach Number 0.55 0.112 

Stator Axial Velocity Ratio 0.998 1.00 

Stator Pitch Diffusion Factor 0.465 0.464 

Stator Aspect Ratio 1.37 1.21 

Stator Pitch Solidity 1.67 1.58 

t The flow coefficient was computed as the average rotor inlet axial 
velocity divided by the rotor pitch speed, using the full physical 
annulus area (blockage = 1.0). Based on the rotor tip speed, this 
flow coefficient becomes 0.407. 

$ The pressure coefficient was computed by using the rotor pitchline 
wheel speed. Based on rotor tip speed, this value becomes 0.555. 
Normalization of experimental data will be done using rotor tip 
speed, consistent with past General Electric practice for Low Speed 
Research Compressor data. 
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Table 4. Vector Diagram Parameters for Stator B. 

76.20 

57.61 

44.10 

20.03 

65.6 

.142 

76.20 

57.61 

25.39 

16.40 

57.1 

.088 

76.20 

32.22 

16.40 

63 .0  

. l o 6  

76.20 

13.41 

19.90 

34.0 

.070 

SL2 
Stg.B - 
74.96 

56.66 

45 .45  

22.34 

63.7 

, 149  

74.81 

56.57 

26.94 

21.76 

51.1 

. l o1  

74.81 

29.63 

21.73 

53.7 

. l o 7  

74.96 

11.16 

22.34 

26.5 

.073 

SL3 
S tg .B  - 

73.80 

55.81 

46.06 

24.17 

6 2 . 3  

.152 

73.66 

55.69 

27.83 

24 .50  

48.5 

. l o 9  

73.65 

27.86 

24.60 

48 .6  

. l o 9  

73.81 

9.69 

23.99 

22.0 

,076 

SL4 
S tg .5  - 

72.70 

54.96 

45.96 

25.24 

61.2 

. 154 

72.58 

54.86 

27.92 

26.09 

4 7 . 0  

.112 

72.57 

26.94 

26.09 

45.9 

. l l O  

72.71 

8 .93  

25.5 

19.6 

,078 

SL5 
Stg.B - 

71.62 

54.13 

45.42 

25.91 

60.3 

.153 

71.53 

54.07 

27.28 

26.79 

4 5 . 5  

.112 

71.53 

26.79 

26.79 

45.0 

.111 

71.63 

8.66 

25.69 

18.6 

.079 

P i t c h  
SL6 
S t g . B  - 

70.54 

53 .31  

44.56 

26.27 

59 .5  

.152 

70.49 

53.28 

26.18 

27.04 

44.1 

.110 

70.49 

27.10 

27.04 

45.1 

.112 

70.55 

8.66 

26.06 

18.4 

,080 

SL7 
S t g . 5  - 

69.45 

52.52 

43.65 

26.49 

58.8 

.150 

69.44 

52.49 

24.90 

27.13 

42.5 

.lo8 

69.44 

27.58 

27.16 

4 5 . 5  

.113 

69.46 

8.78 

26.27 

18.5 

.081 

SL8 SL9 
S tg .5  Stg.B - -  

68.36 67.23 

51.66 50.81 

42.49 40.90 

26.46 25.97 

58.1 57.6 

.147 .142 

68.37 67.27 

51.69 50.87 

13.32 21.12 

27.04 26.37 

40.7 38.7 

.104 .099 

68.37 67.27 

28.38 29.75 

27.04 26.37 

46.4 48.5 

.115 .116 

68.36 67 .23  

9.08 9.85 

26.24 25.79 

1 9 . 1  20.9 

. O B 1  . 081  

Hub 
SLlO S L l l  
Stg.B S tg .B  - -  

66.05 64.77 

49 .93  48.95 

38.59 34.99 

24.96 22.89 

57.1 56 .8  

.135 .122 

66.11 64.77 

49.99 48.95 

18.14 13.56 

24.81 21.00 

36.1 32.9 

.090 .073 

66 .11  64.77 

31.85 35.39 

24.81 21.00 

52.1 59.3 

.118 .120 

66.05 64.77 

11.22 13.87 

24.75 22.71 

24.4 31.4 

.079 .078 

t SL I S t r e a m l i n e  
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\ 

Figure 1. Four Stage Compressor Configuration to be Tested in the 
NASA/GE Core Compressor Exit Stage Study. 
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Figure 3. Radial Variation of Normalized Inlet and Exit Total Pressure 
for AMAC Rotor 7 and the Low Speed Model Rotor A. 
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Figure 4 .  Rotor and S t a t o r  Loss C o e f f i c i e n t s  Versus Percent  Immersion f o r  
AMAC Stage  7 and t h e  Low Speed Stage  A. 
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Angles for Stage  7 of t h e  AMAC Compressor and for t h e  Low 
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Figure 6. Comparison of the Radial Variation of Rotor Relative Air Angles 
for Stage 7 of the AMAC Compressor and for the Low Speed Model 
Stage A. 
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Figure 7. Rotor Inlet and Exit Normalized Axial Velocity Versus Percent 
Height f o r  MIAC Rotor 7 and Rotor A .  
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Figure 8 .  Rotor and S t a t o r  Di f fus ion  Fac to r s  Versus Percent  Immersion f o r  
AMAC Stage 7 and Stage  A. 
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Figure 23. Incidence and Deviation Angle Versus Radius for Rotor B and 
Rotor A.  
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Figure 24. Radial Variation of Relative Air Angles and Leading and Trailing 
Edge Metal Angles for Rotor B and Rotor A.  
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Figure 28. Radial Variation of Absolute Air Angles and Leading and 
Trailing Edge Metal Angles for Stator B and Stator A. 
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Figure 29. Comparison of Chordwise Variation of Meanline Angle for Stator 
A, Stator B and Stator C Vane Sections at the Outer Diameter. 
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Figure 30. Comparison of Chordwise Variation of Meanline Angle for Stator 
A, Stator B and Stator C Vane Sections at the Inner Diameter. 
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Figure 33. Incidence and Deviation Angle Versus Radius for Stator C 
and Stator A .  



T r a i l i n g  Edge 
Metal Angle 

(Casing) 0 - 

20 - 

30 - 

40 - 
c, 
C 
0 
0 
k 
P, a 

c 
0 

*r( 
V I  
k 

.. 50 - 

d 60- 
I 

Leading Edge 
A i r  Angle+ 

'I 
Leading Edge 
Metal Angle 

10 20 30 40 50 60 70 
Angle, degrees 

Fi-ure 34. Radial Variation of Relative Air Angles and Leading 
and Trailing Edge Metal Angles for Stator C and 
Stator A. 

59 


